Porous Ta and Al layers that exhibit 280-nm-wide micropores, which are interconnected by 5 -50-nm-wide nanopores, were grown by glancing angle deposition ͑GLAD͒. The micropore nucleation is facilitated by patterning Si͑001͒ substrates with inverted-pyramidal pit arrays using anisotropic etching through lithographic masks obtained by colloidal self-assembly. The microstructure consists of vertical nanorods with an average width w that increases with layer thickness t, following a power law w ϰ t ␤ . This indicates a self-similar growth mode which is controlled by purely geometric long-range atomic shadowing interactions. However, statistical analyses show a larger growth exponent ␤ Al = 0.58± 0.07 for Al than for Ta with ␤ Ta = 0.46± 0.08, suggesting a secondary effect where the surface curvature of the high adatom mobility Al rods is lowered by diffusion-mediated lateral growth which exacerbates inter-rod competition and, in turn, leads to an enhanced rod broadening. The broadening in Al causes a close-up of the microscopic pores, a decrease in the porosity to 54% at t = 750 nm, and a reduction in the rod number density n, where n ϰ t ␥ and the extinction exponent ␥ Al = −1.02± 0.01. In contrast, the Ta porosity remains constant at 70%, the pore width is independent of t, and the extinction rate decreases from ␥ = −2.5 to −0.5. This is attributed to a transition from two-to one-dimensional shadowing, associated with the microscopic pores that initially enhance but later suppress growth competition in comparison to conventional GLAD on flat substrates where ␥ is expected to be ϳ−1. These results provide insight into columnar competition under anisotropic shadowing conditions and also demonstrate a path to create layers with a controlled bimodal pore structure.
I. INTRODUCTION
Porous films have a wide range of applications in catalysis, [1] [2] [3] optical devices, 4 ,5 solar cells, 6, 7 separation and purification technologies, [8] [9] [10] and chemical, gas, and biological sensors. [11] [12] [13] [14] The fabrication of porous films typically involves lithography, 15, 16 chemical vapor deposition, 10 ,17 sol gel, 18 or spray deposition, 19 and often also sacrificial templates such as polystyrene nanospheres 2, 13 or organic polymer layers 7, 10 that are removed by etching or combustion methods. 20, 21 Various porous oxide layers, including SiO 2 , 10,22 SnO 2 , 13, 23 ZnO, 24 and TiO 2 , 1, 7, 17 have been synthesized with these techniques and were found to exhibit enhanced detection sensitivity, higher catalytic activity, and improved solar cell energy conversion efficiency, when compared to conventional bulk materials. 3, 13, 7, 18 All these applications maximize the device efficiency through the high porosity, as quantified by the surface to volume ratio.
Glancing angle deposition ͑GLAD͒, 25 also known as oblique angle deposition, is an alternative technique to fabricate functional porous films. Its particular strength is the ability to form controllable morphologies and uniquely shaped nanostructured columns, including vertical rods, [26] [27] [28] [29] zigzags, 30, 31 spirals, 32, 33 tubes, 34 Y shapes, [35] [36] [37] and epitaxial ripples. 38 During GLAD, the deposition flux impinges onto the substrate from a glancing angle ␣ ജ 80°, causing strong atomic shadowing and resulting in porous, highly underdense columnar layers with potential applications as optical devices, 5, 32, 33 sensors, 31, 39 and catalyst supports. 40, 41 The porosity increases strongly with deposition angle, 42 increases slightly with substrate rotation speed, 43, 44 but is independent of column morphology. 42, 45 It can be further engineered by substrate patterning prior to deposition. 46 Various patterning techniques have been reported for GLAD, including colloidal self-assembly, 32, 47 nanosphere lithography, 48 e-beam lithography, 29, 49 and laser interference lithography. 50 In this article, we demonstrate that GLAD onto pit-array patterns yields highly porous layers with a two-level pore structure, which may be ideal for both sensing and catalytic device applications because nanoscale ͑Ͻ50 nm͒ pores maximize the surface area and therefore the reaction site density, while microscopic pores ͑Ͼ100 nm͒ facilitate efficient gas and liquid transport through the functional layer. The particular focus of the presented study is on the microstructural evolution of such two-level porous GLAD layers. We chose as model material systems Ta and Al, which represent high and low melting point metals with T m = 3290 and 933 K, respectively, to explore the effect of adatom mobility on growth dynamics of two-level porous layers. The nanorods grow in a competitive mode which leads to rod broadening and rod extinction. The rod broadening follows a power law w ϰ t ␤ , with the broadening exponents ␤ of 0.46± 0.08 for Ta and 0.58± 0.07 for Al. The faster rod broadening for Al than Ta is attributed to the larger surface diffusion length of Al adatoms which leads to the close-up of the microscopic pores, and in turn, a decrease in porosity of Al layers from 62% to 54% as the layer thickness t increases from 180 to 750 nm. In contrast, the Ta porosity ͑70%͒ remains constant and the pore width is independent of t, since under limited surface diffusion the broadening is compensated by rod extinction. The rod extinction is described with a power law n ϰ t ␥ . For the case of Al, the extinction exponent ␥ is −1.02± 0.01, indicating a competition that is comparable to GLAD on flat substrates. The extinction for Ta is more complex, with ␥ values of −2.5 for t Ͻ 250 nm and −0.5 for t Ͼ 250 nm, which is attributed to a transition from a two-to a one-dimensional shadowing effect.
II. EXPERIMENTAL PROCEDURE
The substrate patterning technique is described in detail in Ref. 51 and briefly outlined in the following. Monolayers of 450-nm-diameter silica nanospheres are prepared by selfassembly from colloidal aqueous suspensions ͑Bangs Laboratories, Inc., 10 wt %͒, forming hexagonal close packed arrays on tilted hydrophilic Si͑001͒ substrate surfaces during drying in a temperature and humidity controlled environment. 47 Subsequently, the nanosphere monolayers are used as a mask for Cr deposition by magnetron sputtering in 3 mTorr ͑0.39 Pa͒ 99.999% pure Ar, using a constant power of 500 W which yields a deposition rate of 0.8 nm/ s. After Cr deposition, the silica nanospheres are chemically removed in a room-temperature 0.5% hydrofluoric ͑HF͒ acid solution. This step also removes the Cr on top of the spheres but leaves a Cr network film on the Si substrate, which is subsequently used as a second mask for anisotropic etching of Si͑001͒. The etching was done in 25% sodium hydroxide ͑NaOH͒ at 70°C for 30 s. The last step involves the removal of the Cr layer by a Cr etchant ͑Transene Co, Inc.͒, followed by ultrasonic cleaning in de-ionized water.
GLAD was performed in a load-locked ultrahigh vacuum ͑UHV͒ dc magnetron sputter deposition system described in detail in Ref. 52 . A 7.5-cm-diameter target ͑99.95% pure Ta or Al͒ was positioned at 10 cm from the substrate with the target surface perpendicular to the substrate surface. The deposition angle ␣ = 84°is controlled by a collimating plate, which also prevents nondirectional deposition flux from impinging onto the substrate. Sputtering was carried out at a constant power of 500 W, in a 3 mTorr ͑0.39 Pa͒ 99.999% pure Ar atmosphere. The substrates were continuously rotated about the polar axis with 80 rpm, resulting in an overall circular symmetric deposition flux. Microstructures were investigated using a JEOL JSM6335 field emission scanning electron microscope ͑SEM͒ operated at 5 kV with an emission current of 12 A. Figure 1͑a͒ is a typical SEM image from a hexagonal close packed monolayer of 450-nm-diameter silica spheres after deposition of a 150-nm-thick Cr layer. The average center to center distance between the spheres is 470 nm, in good agreement with the nominal diameter of 450 nm. The spheres appear as hexagons, indicating the effect of Cr deposition on the sphere morphology. At the beginning of the Cr deposition, the flux either passes through the gaps between nanospheres or impinges on the spheres where it develops into a growing layer. As deposition continues, the Cr layer on the sides of the spheres closes the gaps between neighboring spheres, resulting in the hexagonal features observed in the micrograph. Figure 1͑b͒ is a SEM micrograph from a patterned Si͑001͒ substrate. It was obtained from a specimen corresponding to that shown in Fig. 1͑a͒ by removing the nanospheres including the Cr overlayer using HF, anisotropically etching the Si with NaOH, and removing the remaining Cr layer on the Si surface with a Cr etchant. The resulting square shaped pits have an average edge length of 283 nm and are arranged in the same hexagonal arrangement as the nanospheres, with an average center to center distance for the pits of 440 nm. This indicates that each nanosphere causes the formation of an etched pit.
III. RESULTS
Based on the micrographs in Fig. 1 , we describe the patterning process as follows. During the initial stages of the Cr deposition, that is, prior to the close-up of the gaps between the nanospheres, Cr atoms pass through the gaps and deposit onto the Si substrate. The substrate experiences the largest Cr flux at the center of three neighboring spheres, where they form a quasitriangular opening. In addition, some Cr also reaches the substrate along the line that connects neighboring openings, where the spacing between the spheres and the substrate surface is relatively large. This is due to the large angular distribution of the deposition flux which is common for sputtering, allowing some atoms to pass through the gaps between spheres and then reach the substrate below a sphere. The Cr layer on the substrate is consequently an array of dots which is interlinked by thin lines, forming a continuous layer that contains holes at the positions where the spheres touch the substrate. During the subsequent etch step, this Cr network layer becomes a mask which protects the Si from hydroxide etching. The observation of well-separated pits in Fig. 1͑b͒ is a clear indication that the Cr forms an interlinked network film. This is in contrast to separated dot arrays that have been reported for Cr deposition through a nanosphere layer by directional e-beam evaporation. 48 The subsequent etching with NaOH is ϳ100 times faster in the ͗001͘ directions than in the ͗111͘ directions, 53 leading to inverted-pyramid-shaped pits which are defined by four intersecting ͕111͖ crystal planes, regardless of the approximately circular shape of the Cr masking holes. The tilt angle of the ͕111͖ planes is 54.7°with respect to the ͑001͒ surface, yielding an average pit depth of 177 nm. Figure 2͑a͒ is a plan-view SEM micrograph from a 180-nm-thick Ta layer grown on a patterned Si͑001͒ substrate. The micrograph shows clearly that the Ta grows only on the ridges between the square pits of the surface pattern. That is, the hexagonal arrangement of squares, as observed on the patterned substrate surface in Fig. 1͑b͒ , is replicated as square pores in the Ta layer. These microscopic pores are 280 nm wide and are surrounded by 70-nm-diameter Ta rods. The nanorods are themselves separated by 5 -50 nm gaps, resulting in a two-level pore structure consisting of microscopic and nanoscale pores, 280 and 5 -50 nm wide, respectively. Both types of pores extend along the film growth direction which is perpendicular to the substrate surface. The rods have a number density of 82 m −2 , and show a relatively large width distribution, which is attributed to a random nucleation on the flat edges of the patterned Si and a subsequent competitive growth mode. The layer porosity, which is defined as the sum of the pore cross-sectional areas divided by the total layer area, is 70%. This value accounts for both the microscopic pores that cover 50% of the area, and the nanoscale pores between Ta rods that correspond to 20% of the overall layer area.
Figures 2͑b͒ and 2͑c͒ are micrographs from Ta layers grown under identical conditions as that shown in Fig. 2͑a͒ , but with longer deposition times leading to thicknesses t of 250 and 750 nm, respectively. All three micrographs show clearly the regular array of microscopic pores. However, the square shape becomes less pronounced with increasing thickness and is no longer obvious for the thickest layer in Fig.  2͑c͒ . The measured porosity is nearly independent of layer thickness, 70%, 76%, and 71% for t = 180, 250, and 750 nm, respectively. The average width of the Ta rods increases with layer thickness, from 70± 15 to 90± 18 to 140± 20 nm for t = 180, 250, and 750 nm, respectively. This broadening is associated with a competitive growth mode which causes some rods to die out and the number density to decrease from 82 to 36 to 20 m −2 , respectively, as discussed in detail below. The cross-sectional micrograph in Fig. 2͑d͒ , from a 750-nm-thick layer corresponding to that shown in Fig. 2͑c͒ , also illustrates the growth competition. It shows a high density of narrow Ta rods near the substrate. However, many of these rods terminate well below the layer surface, while others broaden with increasing height, resulting in wider rods with a lower number density near the layer surface. This micrograph also shows a cross-sectional view of the patterned inverted-pyramid pits in the substrate, which appear in different sizes/shapes in this micrograph because the Si ͗110͘ cleavage direction is not parallel to a symmetry axis of the self-assembled hexagonal array. The image also reveals an approximately twice-as-deep pit, which is attributed to a patterning defect where the Cr line between neighboring spheres was insufficient to protect the underlying substrate from the etchant. Figure 3 shows SEM micrographs from Al layers grown by GLAD on the same square-pit pattern as the Ta layers discussed above, and with comparable thicknesses of 180, 280, and 750 nm, for micrographs ͑a͒-͑c͒, respectively. The 180-nm-thick layer in Fig. 3͑a͒ exhibits nanoscale pores as well as microsopic pores with well-pronounced square cross sections, similar to those observed in Fig. 2͑a͒ for the corresponding Ta layer. For increasing layer thickness the nanoscale pores remain open, but the microscopic pores decrease in width ͓see Fig. 3͑b͔͒ and almost completely close at t = 750 nm as observed in Fig. 3͑c͒ . This results in a decrease of the overall porosity, which was measured to be 62%, 65%, and 54%, for t = 180, 280, and 750 nm, respectively. The pore closing is attributed to a considerable rod broadening with average widths that increase from 120± 20 to 140± 25 to 270± 50 nm, for t = 180, 280, and 750 nm, respectively. The broadening is also evident in the cross-sectional micrograph in Fig. 3͑d͒ , showing some Al rods that nucleate with a 50 nm width but broaden by more than a factor of 5 to reach a width of 300 nm near the layer surface. Rod broadening is accompanied by a reduction in the rod number density, as also observed for the Ta rods and quantified below. However, for the case of Al, the reduction in the rod density is not only attributed to rod extinction, but also to the merg- ing of neighboring rods, as observed in Figs. 3͑c͒ and 3͑d͒. Rod merging has been previously reported for GLAD under relatively high adatom mobility conditions. 65 The log-log plots in Fig. 4 summarize the changes in the nanorod width and number density as a function of the Ta and Al layer thicknesses. The average rod width w increases by approximately a factor of 2, from 70 to 140 nm for Ta and from 120 to 270 nm for Al, when the thickness t is increased from 180 to 750 nm. These values show that the Al rods are 71% and 93% wider than the Ta rods grown under identical conditions, for t = 180 and 750 nm, respectively. The dashed lines in Fig. 4͑a͒ are obtained by fitting the data using a power law w ϰ t ␤ . This provides values for the growth exponents ␤ of 0.46± 0.08 for Ta and 0.58± 0.07 for Al, where the uncertainty in ␤ is primarily due to the relatively large width distribution for a given t, as shown by the error bars in Fig. 4͑a͒ . Both ␤ values are in the range of previously reported growth exponents for GLAD, which vary from 0.3 to 0.6, depending on the material and on ␣.
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Figure 4͑b͒ is a plot of the nanorod number density n, as determined from statistical analyses of plan-view micrographs. It decreases from 82 to 36 to 20 m −2 for Ta and from 34 to 22 to 8 m −2 for Al, as t increases from 180 to 250 ͑or 280͒ to 750 nm, respectively. For the case of Al, the data fit perfectly on a line, indicating that the rod extinction is well described with a power law n ϰ t ␥ . Here the extinction exponent ␥ is −1.02± 0.01, indicating a level of competition that is comparable to GLAD on flat substrates, as discussed in the following section. The growth competition for our Ta layers is more complex, with a steep decrease in n at small thicknesses and a moderate drop at large t. We attribute the change in the extinction rate to a transition from a two-to a one-dimensional shadowing effect, as discussed below and illustrated in Fig. 4͑b͒ with discrete ␥ values of −2.5 for t Ͻ 250 nm and −0.5 for t Ͼ 250 nm.
IV. DISCUSSION
The development of highly porous columnar microstructures during GLAD on flat substrates is due to strong selfshadowing under limited adatom mobility conditions. 25, 58 Initially, the deposited atoms nucleate stochastically, yielding clusters with a random size distribution. The growing clusters shadow unoccupied sites as well as smaller clusters from the incident vapor flux, while the limited adatom surface mobility suppresses the filling of voids by diffusion. This leads to the development of layers consisting of nanorods which are separated by narrow pores. Substrate patterning prior to GLAD, as done in the present study, results in the formation of more complex pore arrangements. In particular, the patterned pits in the Si substrates result in the nucleation of microscopic pores, which develop in addition to the nanoscale pores referred to above. Figures 2͑a͒ and 3͑a͒ show that layer growth is inhibited in the 280-nm-wide square pits. This is due to the oblique deposition angle which exacerbates atomic shadowing and causes all nuclei and subsequent nanorods to form on the ridges between pyramidal pits. Consequently, these layers exhibit a bimodal pore distribution consisting of 280-nm-wide microscopic pores and 5 -50-nm-wide nanoscale pores.
The width of both Ta and Al nanorods increases with film thickness. This is attributed to column competition as follows. The stochastic nature of nucleation and deposition FIG. 3 . Plan-view SEM micrographs from porous Al layers with thicknesses of ͑a͒ 180 nm, ͑b͒ 280 nm, and ͑c͒ 750 nm, and ͑d͒ cross-sectional micrograph from the same sample as imaged in ͑c͒.
FIG. 4.
͑Color online͒ Plot of ͑a͒ the average width w and ͑b͒ the number density n for Ta and Al nanorods as a function of film thickness t using a log-log scale. The fits are obtained using power laws for both rod broadening, w ϰ t ␤ , and rod extinction, n ϰ t ␥ .
results in slight differences in the height of adjacent rods. Atomic shadowing, which is particularly strong during GLAD, favors the growth of the larger at the expense of the smaller rods, which terminate their growth. The termination of one rod leads to a local reduction of atomic shadowing, which causes its neighbors to be exposed to a deposition flux that impinges onto their side walls rather than their top. This yields a lateral growth of these larger rods and, in turn, an increase in the average rod width. The rod broadening follows a power law w ϰ t ␤ , indicating that the layer microstructures follow a self-similar growth mode, as has been previously observed for GLAD layers, 54, 56 and has been studied by atomistic simulations. 59, 60 Within a first-order interpretation, this would suggest that the growth is completely dominated by scalable, purely geometric atomic shadowing effects that are independent of any material specific length scale. However, our statistical analyses show a larger growth exponent for Al ͑␤ Al = 0.58± 0.07͒ than for Ta ͑␤ Ta = 0.46± 0.08͒. We believe, based on the observed morphological differences in Al and Ta nanorods, that the difference in these ␤ values is ͑despite their slight overlap͒ significant. The enhanced broadening of Al rods is attributed to the higher surface diffusion length of Al adatoms as follows. Surface diffusion leads to a net adatom flux from the high-curvature nanorod tips to the lowercurvature surfaces of the nanorod walls. This thermodynamically driven mass transport reduces the overall surface energy. It also results in a tendency of the nanorods to grow sideways and, therefore, broaden as a function of layer thickness.
The evolving pore morphology is strongly affected by the adatom mobility and the related exacerbated rod broadening. This becomes evident when visually comparing the two sets of microgaphs in Figs. 2 and 3 from high melting point Ta ͑T m = 3290 K͒ and low melting point Al ͑T m = 933 K͒ layers with comparable thicknesses. The microscopic pores remain open for Ta films while they are nearly completely close for 750-nm-thick Al. The pore closing for the case of Al is attributed to surface diffusion enhanced rod broadening which causes rods that are adjacent to a microscopic pore to grow towards this pore and ultimately close it, as observed in Fig. 3͑c͒ . This, in turn, leads to a decrease in the porosity for the Al layers from 62% to 54% for t = 180-750 nm. In contrast, the overall porosity of the Ta layers remains constant at ϳ70% for all investigated thicknesses, indicating that the rod broadening is compensated by a decrease in the number density, such that the overall layer packing density is independent of t. This observation is in perfect agreement with previously reported results from both simulations 45, 61 and experiments, 28, 62 indicating that the GLAD layer density for low adatom mobility conditions is independent of column width and layer thickness but is primarily controlled by the angle of the incident flux. We emphasize here that the density only remains constant under negligible adatom mobility conditions, which is referred to by various authors with terms such as "high melting point materials," "low growth temperatures," or "limited surface diffusion,"
28,45,61,62 which does not apply for our Al depositions. In fact, our Al data are in agreement with other reports showing that GLAD at elevated temperatures 62, 65 or using high adatom mobility materials 25 affects the column tilt angle 63, 64 and yields an increased growth competition with a larger average column width and a higher layer density. 25, 65 The number density of nanorods decreases with increasing t for both Ta and Al layers. This is due to a premature growth termination of some rods during a competitive growth mode ͓Figs. 2͑d͒ and 3͑d͔͒, where atomic shadowing favors the growth of the taller rods. In the case of Al, the nanorod density follows a power law with an exponent of −1.02± 0.01. This is in perfect agreement with a previous study that postulated a universal number density extinction exponent of ϳ−1 for glancing angle deposition on flat substrates. 66 This suggests that the Al nanorods of our twolevel porous layers exhibit comparable growth competition as observed during conventional GLAD, indicating that the initial substrate patterning which nucleates the formation of the microscopic pores has negligible effect on the growth competition for the Al rods. We attribute this to the rod broadening into the empty spaces of the microscopic pores, which ultimately yields a morphology ͓Fig. 3͑c͔͒ that is comparable to those previously reported for GLAD layers on flat substrates. 54, 66 In contrast, the two-level porous Ta layers do show a more complex behavior of the nanorod density with layer thickness. Initially, n decreases sharply corresponding to an extinction exponent of ϳ−2.5. At t Ͼ 250 nm, ␥ decreases to −0.5. We note here that the three data points of this study are insufficient to quantitatively understand n͑t͒ as it is not even clear if there are two discrete values for ␥ or if the slope changes continuously with t. Nevertheless, we provide here some potential explanation for the change in ␥. At low t = 180 nm, the Ta rods are densely packed on the ridges between the patterned pits, as shown in Fig. 2͑a͒ . Growth competition is strong because each rod has multiple neighbors, comparable to GLAD on flat substrates. In addition, the presence of the macroscopic pores causes a nonuniform deposition rate, favoring the growth of rods that are adjacent to a pore. Consequently, the growth of less favored nuclei is suppressed and rapidly terminated, leading to an extinction rate ͑␥ = −2.5͒ which is considerably higher than what would be expected for growth on flat substrates ͑␥ =−1͒. 66 However, with increasing t and decreasing n, the microstructure reaches a point where each ridge between the patterned pits exhibits only one row of rods, as shown in Fig. 2͑b͒ for t = 250 nm. In that case, each rod is adjacent to a microscopic pore and experiences "favored" growth. That is, competition between neighboring rods is limited to neighbors along the direction of the ridge, while deposition from other directions is unobstructed. This transition from two-to one-dimensional shadowing leads to a reduction of the growth competition leading to a relatively small extinction exponent of −0.5. That is, the microscopic pores increase growth competition for small t, since they cause nonuniform deposition rates, while they effectively reduce competition at large t by stabilizing the growth of all rods adjacent to the pores.
V. CONCLUSIONS
We have demonstrated an effective way to pattern Si substrates, by the use of anisotropic etching and colloidal self-assembly, to create regular pit arrays which nucleate microscopic pores during subsequent GLAD. The microstructural evolution of both Ta and Al layers is dominated by long-range atomic shadowing interactions that lead to the formation of separated vertical rods and the development of a bimodal pore structure consisting of 280-nm-wide microscopic pores that are interconnected by 5 -50-nm-wide nanopores. The large surface diffusion length for Al rods causes a lateral growth which increases the interrod competition and, in turn, exacerbates rod broadening and extinction. This leads to the close-up of the microscopic pores and a rod extinction rate that is comparable to layers grown on flat substrates. In contrast, high melting point Ta has a negligible adatom mobility, which results in a less pronounced growth competition with a smaller rod broadening. The microscopic pores remain open and the overall layer porosity is constant. Both the broadening and extinction of the rods can be quantified by a power law. The results indicate that Al layers grown on pit arrays approach a microstrostructure that is comparable to GLAD layers grown on flat substrates. In contrast, the bimodal pore structure is well preserved during Ta growth, which indicates that substrate patterning is a useful approach to create complex pore arrangements in GLAD layers for growth conditions where surface diffusion is negligible.
